B y K.R. W il lia m s
FRANCIS THOMAS BACON, known to all his friends as Tom, was a gentleman scientist with impeccable antecedents. He was a direct descendant of Sir Nicholas Bacon, Lord Keeper of the Great Seal in the time of Queen Elizabeth I. Sir Nicholas's son by his second marriage was Sir Francis Bacon (1561-1626), Lord Keeper of the Great Seal in the time of James the First, the author of B a c o n 's Essays, Novum Organum, became Baron Verulam, Viscount St Albans. He persuaded his contemporaries that a scientific society should be founded in England; this led to the formation of the Royal Society itself. It is also quite possible that Tom was a descendant of the family of Roger Bacon of Oxford (1214-1294) who also was a pioneer of science.
Tom Bacon was born at Ramsden Hall, Billericay. His father, Thomas Walter Bacon was an electrical engineer who, during the later years of the last century, had worked for the Eastern Telegraph Company, both in their workshops in London and in their cable ships. He encouraged his sons to aim for careers in science and engineering. Tom was educated first at St Peters Court Preparatory School in Broadstairs Kent; he had hoped for a career in the Royal Navy but was turned down for Osborne at the age of 12 owing to failing the eyesight test. He then went on to Eton from 1918 to 1922, gaining the School Physics Prize in 1922. From Eton Tom went up to Trinity College, Cambridge, taking the Mechanical Sciences Tripos in 1925.
It was while he was at Cambridge that Bacon realized the significance of the Carnot limitation on the thermal efficiency of heat engines and this was to influence almost the whole of the rest of his life.
When he went down from Cambridge, Tom became an apprentice with the Newcastle engineering firm of C.A. Parsons and Co. Ltd. Tom was related to the Parsons family and was strongly influenced by Sir Charles Parsons, the founder of the company and developer of the modern steam turbine and builder of the first turbine steam yacht. Tom described Sir Charles as 'a marvellous man with the great quality of always keeping an open mind'. Often Tom quoted the steam yacht as an example of a 'niche market' for a new development, its low vibration level making it most attractive to the owners. Tom often stayed at the Parsons' country house where he met many distinguished scientists and engineers. During his apprenticeship Tom worked in the drawing office, engineering workshops and also on outside installation work. Shortly afterwards he was invited to work on improving reflectors for searchlights and lights for the fast-growing film industry. From 1935-39 Bacon was in charge of production of silvered glass reflectors.
Tom was a regular churchgoer and it was through the church that he met Barbara Papillon whom he married in 1934. After they married they lived in the country and both enjoyed the wild beauty of Northumberland. Through the years Tom claimed to have climbed virtually every hill in Cumberland, in the early days travelling in his old green open Bentley. Although Tom enjoyed the outdoors, skiing as well as walking, he left the traditional country pursuits of gardening and riding to hounds to Barbara, claiming that he had bought more horses and ponies in his life than any other non-rider. He also greatly enjoyed listening to music, for example he enjoyed a performance of Ruddigore only shortly before his death.
To return to his life's work, Peter Fairley records that on 18 November 1932 an incident occurred, which, although trivial in itself, had a profound effect on future events. At about 7:30 a.m. a copy of Engineering, addressed to F.T. Bacon Esq., dropped through the letter box. In that issue were two articles on pages 605-608, one headed 'Gas Operated Vehicle' and the other 'The Erren Hydrogen Engine'. During the lunch hour Tom browsed through the journal and was intrigued by these two articles, which described a German idea of electrolysing water with off-peak electricity at night and using the hydrogen and oxygen so produced to fuel an internal combustion engine which would power a vehicle. In Tom's words 'I was immediately struck by the potentialities of the thing, especially if it might be possible to make power electrochemically from the hydrogen and oxygen, rather than feed them to an engine'.
There followed literature searches in the Newcastle Patent Office and local library, most of which were fruitless, but Tom found a couple of gems, The Principles o f Electrochemistry by Allmand and Ellingham and also a survey of fuel cell systems by two German chemists published in 1933 which were translated for him.
Until this time Tom had not heard of a fuel cell, essentially a primary voltaic cell with two electrodes, an anode and a cathode, separated by an electrolyte. A fuel is oxidized at one electrode and oxygen reduced at the cathode. Both electrodes and electrolyte should remain invariant. In practice the fuel is almost invariably hydrogen and it was to this that Tom turned his attention. Unlike heat engines, whose efficiency is limited by the Carnot cycle, one can in principle release all of the free energy G o f a chemical reaction as electricity.
The Gibbs-Helmholz relation:
AG = A H -T A S
shows that H, the total heat content (enthalpy) on which heat engines depend for their source of energy, is not identical with free energy, the difference between the two being determined by the magnitude and sign of the entropy change S and the absolute temperature T. The electromotive force of the cell, E, is given by the relation
where n is the number of electrons involved in the reaction and F the Faraday constant. The principle of the fuel cell had been demonstrated by Grove in 1839 while Mond and Langer had patented a fuel cell in 1879. Many other investigators had experimented with various forms of fuel cell, not all of which were based on sound scientific principles.
Unlike previous workers in the field who were essentially physical chemists, Bacon was an engineer and being with Parsons was familiar with steam turbines and thus not intimidated by high temperatures and pressures; this was to have a profound effect on his approach to developing a practical fuel cell.
In 1937 Tom Bacon drafted a report to the directors of C.A. Parsons suggesting that a workable fuel cell might be developed. The title of the report 'Proposed Electric Storage Battery' showed that he saw the fuel cell as part of an energy storage system which released energy derived from the electrolysis of water into hydrogen and oxygen. In any event, the proposal was rejected as not being relevant to the business.
However, Tom was ever a resolute person and sought advice from Sir Frank Smith, then Head of the Government's Department of Scientific and Industrial Research whom he had met at the home of Sir Charles and Lady Parsons. Sir Frank's advice was forthright, 'Get down and do some experimental work yourself. E a r ly e x p e r im e n t s B aeon ' s first experiments were essentially a repetition of Grove ' s early work and involved the use of activated platinum gauze provided by Johnson Matthey with a sulphuric acid electrolyte using hydrogen and oxygen derived from the electrolysis of water, but he quickly decided to avoid the use of precious metal catalysts. Thus he contemplated the use of activated nickel electrodes with an aqueous potassium hydroxide electrolyte (25)*. To compensate for the low activity of nickel, he intended to operate at temperatures in excess of 100 °C, which necessitated the use of high pressures. Initially he designed a reversible cell which was used firstly to electrolyse water and subsequently to combine the gases to produce an electric current. Nickel gauze electrodes activated by alternative oxidation and reduction were separated by a pure asbestos cloth. The cell was designed to operate up to 3000 p.s.i. and 'any reasonable temperature'. The best results were obtained at 100 °C (0.89 V, 13 mA cm ). At higher temperatures there was irreversible oxidation of the oxygen electrode during the charging process. Tom Bacon then built a two-cell system in which hydrogen and oxygen were generated in one cell and used to produce electricity in the second. Although he carried out his first experiments at home, this was clearly impractical where high temperatures and pressures were involved and he was wont to recall how he carried out experiments surreptitiously at C.A. Parsons. He made arrangements to be warned if the then Managing Director F.G.H. Bedford was in the offing and the contingency plan worked when the inevitable occurred. Fortunately the apparatus had been shut down, Tom had escaped to a place of hiding and the Managing Director looked at the apparatus in a mystified way but fortunately asked no awkward questions.
In January 1940 he sent a second report to the Directors of C.A. Parsons and admitted that he had been doing work in his employers' time. F.G.H. Bedford sent for him and gave him an ultimatum, either to stop working on the cell or leave Parsons. Tom Bacon left.
At this juncture it is important to point out that Tom had a monied background, his father having settled a significant portion of the family estate on him at an early age. This gave Tom both independence and coupled with his natural charm, an equanimity which is seldom found in those of us who depend on employment for a living. Barbara says that she never knew Tom to lose his temper. Undoubtedly his modest charm was a vital element in persuading others to help him in his quest for a commercially viable fuel cell. After Tom left Parsons, Dr Charles Merz, founder of the consulting engineers Merz and McClellan agreed to finance Tom's work on fuel cells. At the end of his life Tom was to write that the two people with the greatest influence on him in his early years were Sir Charles Parsons and Dr Merz. Dr Merz also asked his friend Professor A.J. Allmand to give Tom space in his laboratory at King's College London in the Strand. Bacon used to recall that Professor Allmand made two very perceptive remarks, 'You must always remember, Bacon, that electrochemistry is a partially understood subject' and of the fuel cell 'It will be a long trail'. Over 50 years later these observations are still true! Lacking a machine shop to which he could give orders, Tom had to put the training of his apprenticeship into practice and build his own fuel cells. With his double cell, one unit for generating the gases and the other the fuel cell proper, temperatures up to 200 °C were used and pressures limited to 600 p.s.i. as he knew from experience with steam plant that sealing problems would get worse above that pressure when using conventional gaskets. Tests were carried out of up to 22 hours duration, but it was impossible to achieve the target performance of 100 mA cm 2 at 0.8 V which Tom decided was a minimum acceptable for practical applications. Further problems were encountered with rapid deterioration of the asbestos diaphragm. Although at first Tom believed that fuel cells could be developed to overcome the range limitations of submarines imposed by lead-acid batteries, by late 1941 it had become clear that this was not a realistic proposition in the short term.
E l e c t r ic a l r e s e a r c h a s so c ia t io n s p o n s o r s h ip
Tom was then asked to join the Admiralty team at Fairlie in Scotland where he worked on ASDIC, the underwater submarine detection system. In 1946 the team was disbanded and Tom sought support for fuel cell research from British industry. The electrical firms he contacted were not enthusiastic, some even treating his ideas with derision. Ultimately after numerous fruitless approaches to companies, the Electrical Research Association agreed to support fuel cell research and space was found in the Department of Colloid Science at Cambridge, where under the direction of Professor, later Sir, Eric Rideal, Tom started work again in April 1946.
In that year Tom bought a house set in 19 acres in Little Shelford just outside the City of Cambridge where he settled with his wife Barbara and the children: Francis the eldest son who was to die at the early age of 23, a daughter Daphne and Edward the younger son. Tom was to live in this village for the rest of his life, latterly in a smaller modern house near the centre of the village. His grave is in the village churchyard.
The initial experiments in the Department of Colloid Science were along similar lines to those at King's College and again the performance of the cells was inadequate. However in the course of discussions with the Mond Nickel Company (later International Nickel), Tom was shown a sample of porous nickel sheet whose origins were obscure at the time as they were covered by the Official Secrets Act but may have been associated with the Capenhust diffusion plant. Realizing that the high surface area of this material would make it more active than the gauze he had used for electrodes in his original experiments he discussed the problem with Tom Fry who was then a young man whom Bacon had met at Fairlie and who had joined the Admiralty straight from school. In 1945 Fry went up to Cambridge to read physics and did some theoretical work for Tom Bacon in the long vacations. Subsequently, after going down from Cambridge and joining Harwell, Fry was allowed to continue working as a consultant on fuel cells, working in his own time. One of the problems which they faced was that of establishing a stable interface between hydrogen or oxygen and the electrolyte. Professor Rideal suggested that the problem might be solved by developing a biporous structure and so they asked Mond Nickel if they could make some electrodes about 4 mm thick with relatively large (30 micron) pores on the gas side and much finer ones on the electrolyte side. A small pressure difference (2 p.s.i.) between gas and electrolyte was sufficient to create an interface between gas and electrolyte within the electrode. It was thus unnecessary to use a diaphragm.
In the middle of the excitement of this development the bench space occupied in the Department of Colloid Science was needed for other work and Tom was forced to move and it was arranged with Professor Wesley Austin in the Department of Metallurgy to move the apparatus to that Department. Here he built a fuel cell with 5 inch diameter biporous nickel electrodes. The other metallic components were of nickel plated steel and the apparatus was shielded by sheet metal so that the experimenters would be protected from an electrolyte leak. Strong potassium hydroxide solutions at 200 °C with gas pressures up to 600 p.s.i. are combinations to be treated with respect. In later years Pratt and Whitney engineers were to claim with only a modicum of exaggeration that if a screwdriver were to be dropped into a vessel containing the hot electrolyte for a Bacon cell, it would dissolve before hitting the bottom! To return to the narrative, although greatly improved performance was achieved with the new electrodes, cells were short-lived, at 240 °C the oxygen electrodes were quickly oxidized and even at 200 °C buckling and collapse occurred.
Although these problems continued, the Admiralty and the Ministry of Power became interested in fuel cells with a consequent increase in Bacon's budget. The apparatus had then to be moved again, this time to the Department of Chemical Engineering in huts in Tennis Court Road where Professor T.R.C. Fox was Professor of Chemical Engineering. Dr R.G.H. Watson, an electrochemist joined the team in November 1951 and his priority was to overcome corrosion of the oxygen electrode. Following 'classic methods' he studied the corrosion of nickel samples in pressure vessels at various temperatures but mainly at 200 °C and high pressure. The experiments showed that the oxide layer was breaking-up as it was formed. Two approaches were considered, inhibition by additives and pre-oxidation analogous to the anodization of aluminium. A pre-oxidized sample proved durable and so did a pre-oxidized electrode prepared by heating for a short time in air. Not surprisingly the green oxide, an insulator, prevented electron transfer and so the electrode was ineffective. Tom Fry was consulted and brought in an expert from Harwell (Dr Anderson) who drew attention to the work of Verwey who had discovered that green nickel oxide if doped with lithium became a black semiconductor. Thereupon the group tried soaking new nickel electrodes in lithium hydroxide solution followed by air drying and then heating for a few minutes at 700 C in air. These electrodes were free from problems of corrosion up to 240 °C meaning that the basic cell problems had been solved.
While the problems with the oxygen electrode were being solved the team was joined by Dr J.G. Bowers a metallurgist and W.J. Davis another chemist, who showed that by using very high concentrations of potassium hydroxide for the electrolyte, greatly improved oxygen electrode performance could be achieved. Although not pursued at the time, this was to have profound implications for space flight. Not only could lower operating pressures be used, but efficiency was enhanced significantly. Tom set great store on the contribution made to the effort by the technicians Mr Billet, Mr Pike and Mr Young. One must also add that Tom himself succeeded in running a very happy team whose atmosphere was enhanced by the contribution made by Barbara who not only ran a 'happy ship' at home but was concerned about the team members in times of illness. She was also the charming hostess at social occasions such as parties and visits to the theatre.
Although the initial problem with the oxygen electrode had been solved, cell performance still deteriorated with time and this Watson discovered was due to the jointing being used poisoning the hydrogen electrodes. Tom solved the problem in a neat engineering way by using Teflon ring shields.
Having achieved this success, a six cell fuel battery was built using 5 inch diameter electrodes and operated at 200 °C and 400 p.s.i. achieving individual cell EMFs of 0.8V at 230 mA cm (1). It was successfully demonstrated at a London exhibition with an output of 150 W. As an aside it is interesting to note that the LCC inspector insisted on a guard being provided to protect a fan driven by the fuel cell but was quite unconcerned by the high pressure gases and strong caustic alkali at high temperature present. No interest was shown by British industry and the Electrical Research Association withdrew its support. Thereupon the team was disbanded and the apparatus moved to an outhouse on Tom's estate.
NRDC In v o l v e m e n t
Fortunately just before the apparatus was moved, Lord Halsbury, the Managing Director of the National Research and Development Corporation Ltd., visited Tom's lab during a tour of British universities seeking projects for commercial development. When the project was finally closed down in the Chemical Engineering Department, Lord Halsbury had given a verbal promise 'to do something'. Nevertheless in the intervening six months before NRDC gave final approval to support in spring 1956, Tom was a worried man, wondering whether further support would ever arrive. However, being the perfect gentleman, he showed no outward signs of concern but busied himself with designing a larger unit.
When confirmation of NRDC approval for the project finally arrived Tom wanted the development to take place in a proper engineering environment and so contacted Mr (now Sir) Arthur Marshall, a Cambridge engineer who ran Marshall of Cambridge Limited, a major engineering company with aviation interests. Tom is quoted as saying 'Arthur Marshall is a man who makes instant decisions and after we talked about it for a little while he said "yes we'll do it" Furthermore, Sir Arthur put one of his very best engineers, J.C. Frost, in charge of the project. There is no doubt that the appointment of Frost was crucial to success, his drive and competence supplied vital ingredients to a pioneering effort.
The team planned to make a 40 cell battery with 10 inch diameter electrodes. Initially a bipolar design with oxygen and hydrogen electrodes of adjacent cells sintered on either side of a nickel plate was tried but without success; the team reverted to a design with individual electrodes.
With the involvement of NRDC Bacon's fuel cell patents were transferred to that organization which was, of course, interested in their exploitation. By chance Dr Tony Moos of the Leesona-Moos Corporation, a New York based research and development organization interested in obtaining rights to British developments to exploit in the USA, had read the article which Bacon had written in the Journal o f the British Electrical and Allied Manufacturers Association for January 1954. Dr Moos, accompanied by Dennis Flennessy of NRDC, visited Tom at both Little Shelford and Marshall's and was intrigued by the high efficiency of the cells. As a result Leesona-Moos took out licences on the Bacon cell.
As anyone with experience of fuel cells knows, the development of a reliable system with stable components is never easy and it was not until the summer of 1959 that the cell was ready for demonstration. It is important to realize that at the time the Bacon cell was unique. Tom always took the engineer's approach and the system he created operated at high efficiency (c. 60%), water was removed by circulating hydrogen past the fuel electrodes arranged for parallel flow and condensing the water vapour into a suitable knock-out vessel. Whilst by that time others had built fuel batteries, the Bacon cell was unique in its high efficiency, properly engineered water removal system and automated controls. Often Tom paid tribute to the help he had received from Professor John Coales who advised on the design of the whole control system. The 6 kW forty-cell battery was demonstrated to a wide variety of interested people in August of 1959 (6).
Despite visits by many representatives of commercial organizations, none was prepared to go further, being put off by the use of hydrogen and oxygen in cylinders. Lacking commercial interest NRDC felt obliged to close down the project. It is interesting to note that all of the disbanded team were offered jobs by General Electric in the USA who flew an executive over to England to interview them.
T he A po llo fu e l c ells
Meanwhile in the United States for the proposed Apollo rnoonshot, the Pratt and Whitney Division of United Aircraft took out a licence on the Bacon patents and used the concept in a bid to provide electrical power for the enterprise. For this purpose the Bacon cell was ideal. Firstly, hydrogen and oxygen were present on board for propulsion and life support. Unlike heat engines whose efficiency falls with decreasing load, that of the fuel cell rises so it was possible by restricting electrical loading to operate at 75% thermal efficiency. Additionally the by-product water could be used for drinking and humidifying the atmosphere of the space capsule. While there were competing fuel cells with either ion exchange resin electrolyte or more dilute potassium hydroxide, the Pratt and Whitney bid was successful because of the higher efficiency of the Bacon cell. Nevertheless this was a courageous decision as there was no prior evidence that fuel cells could be operated in space and enormous engineering problems remained to be solved.
Transfer of the technology from an interdisciplinary team in Britain to a group of mechanical engineers in the USA faced some difficulties. Initially the engineers ran the fuel cells at too high a power leading to oxidation of the hydrogen electrodes.
This problem was solved by the explanation provided by R.G.H. Watson. A further problem later experienced in the space fuel cell was that small bubbles were formed in the electrolyte cavity and in zero gravity conditions these would spread and cause havoc. It was deemed prudent by Pratt and Whitney management not to admit to NASA that this problem existed until a solution had been developed. To solve the problem, they built a rig where a complete Bacon cell, operating at 200 degrees and under pressure, could be X-rayed while running. This rig, the pride and joy of the research team was duly shown off to Tom on a walk-around visit. 'And what do you see?' he asked. 'Oh nothing' replied the Chief Engineer quickly. And Tom, demonstrating his perceptiveness, refrained from pursuing the matter, only saying afterwards to a friend that he realized there must be an embarrassing technical problem there.
Nevertheless Pratt and Whitney who had assembled a formidable team of about 1000, overcame all difficulties, the fuel cells finally developed at a cost of about $100 million used 75-85% potassium hydroxide solution as electrolyte and operated at 204 °C and a pressure of 3.7 atmos absolute. Pratt and Whitney engineers had appreciated that high potassium hydroxide concentrations in the electrolyte not only improved electrode performance but permitted lower operating pressures. Because the electrolyte was solid at ambient temperatures, heaters were employed to start the cells before launching. The power plant had a rating of 563-1420 W between 27 and 31 volts and 2300 W at reduced voltage. Of the team Tom always spoke with great admiration, 'marvellous engineers those people at Pratt and Whitney' I heard him say on numerous occasions. The Pratt and Whitney engineers for their part had enormous respect for Tom and what he had achieved with what they regarded as a very small team.
As history relates, the Apollo moonshot was a success and a few days after the astronauts' return Tom Bacon received a letter from Dick Foley of Pratt and Whitney saying 'please accept my personal congratulations for the contribution your fuel cells made to Apollo XI. The three power plants performed flawlessly and provided about 400 kilo watt hours of electrical energy during the mission. This raises to 23 fuel cell power plants which have flown to date. Your satisfaction must be very great that your pioneering efforts have made this possible and practicable'.* Honours and congratulations followed, Tom and Barbara were invited to no. 10 Downing Street to meet the astronauts Neil Armstrong, Buzz Aldrin and Michael Collins during their world tour. At a dinner in London a representative of NASA presented Tom with a At these many award ceremonies Tom's extreme modesty showed through. He would say 'Well, I had nothing to do with it, it was all up to the engineers at Pratt and Whitney'. Yet without his dogged perseverance there would not have been a super-efficient fuel cell in the Apollo Command and Service module. As a result of the success of the Bacon design, Pratt and Whitney continued to supply the fuel cells, based on a somewhat modified design, for all the subsequent manned spacecraft flights, including the current space shuttle.
E n e r g y C o n v e r s io n L t d .
Certainly space had provided an opportunity to exploit the Bacon Cell, but Tom still wished to see the fuel cell used for transport. Long before it was fashionable to be concerned for the environment Tom had realized that its high efficiency and potentially low pollution made the fuel cell a highly desirable prime mover and for the rest of his life followed the development of fuel cells very closely, often being involved as a consultant. * After the success of Apollo, there was intense interest in the development of fuel cells and Tom was frequently invited to visit the USA. In Britain six months after the project at Marshall's closed down, a new firm Energy Conversion Ltd was formed by N.R.D.C., British Ropes, BP and Guest Keen and Nettlefolds with the object of commercializing fuel cells. Tom was a consultant to this enterprise but in no way involved in management decisions. Although he did not enjoy lecturing, he was a splendid ambassador for the company and being by far the best known 'name', was often asked to speak for them. Even when suffering from a migraine, he would deliver a meticulously prepared lecture which was invariably received with rapt attention.
The Energy Conversions team was potentially in a very strong position as through the NRDC they had access to Pratt and Whitney's fuel cell research which had reached formidable proportions. Additionally, NRDC had the rights to the molten carbonate fuel cell work previously conducted at Sondes Place where it had been funded by the Ministry of Power and Shell Research. The team at ECL developed a hydrogen-air system and a zinc-air primary cell offering a much higher energy density than existing cells. By 1968 the company was 150 strong and correspondingly expensive to support. In retrospect the development effort was far in excess of that justified by the then current state of the art. The huge development effort at Pratt and Whitney on the Apollo cells had paid-off because they perfected an existing piece of hardware for which little new science was required and almost any cost was acceptable. In contrast, when Energy Conversion Limited started out there was no clear route to a commercially viable fuel cell. In such circumstances a large engineering effort lacking the necessary electrochemical background was doomed to failure.
The hope was that a hydrogen-air cell could be built which would operate on hydrogen derived from a hydrocarbon fuel. However, in 1962 there were no suitable low-cost fuel cells capable of accepting the impure hydrogen produced by reforming hydrocarbon fuels. Indeed, the nickel-based catalysts used for this purpose are very prone to sulphur poisoning and, of commonly available hydrocarbons, only natural gas is sufficiently low in sulphur content for this purpose. Shell Research in 1964 succeeded in building a methanol-steam reformer with a palladium-silver diffuser that provided ultra pure hydrogen for a 5 kW hydrogen-air fuel cell operating at atmospheric pressure. This solution was far from a commercial proposition. An alternative route was to develop fuel cells with acid electrolytes capable of accepting impure hydrogen. Pratt and Whitney (later to become United Technology) put in a tremendous effort to develop power sources initially of the order of 25kW but later in the megawatt range using phosphoric acid fuel cells operating at several atmospheres pressure. This organization provides fuel cells for a massive Japanese effort. Tom often expressed his admiration for the singlemindedness and strength of Japanese efforts in this field. The financial backing for these long-term developments has been mainly from gas suppliers who see the potential for increasing their share of the energy market through fuel cells in combined heat and power systems and governments anxious to promote both low pollution strategies and their own industries. In neither case is there an expectation of other than a long-term return on investment. In any event ECL was closed-down in 1971. Some fuel cell work sponsored by the Government was transferred to Harwell and Tom Bacon acted as consultant, but this too was closed down in 1973.
T h e c o n t in u in g q u e s t fo r w id e s p r e a d a p p l ic a t io n
Although describing himself as retired, Tom still remained passionately interested in fuel cells and studied intensely all methods of hydrogen storage as he was always attracted by the simplicity of the hydrogen-oxygen (air) cell. Initially he was impressed by the potentialities of iron titanium hydride as a reversible means of storing hydrogen. Later it became apparent that the weights involved were considerable while the costs of storage on a basis of pounds sterling per kWh stored were high. Indeed it seems one of the perversities of nature that storing energy in forms other than fossil fuels and their derivatives involves roughly three orders of magnitude more capital expenditure. Lead-acid batteries, pumped storage, hydride storage and high-energy flywheels all involve investments of the order of £100 per kWh stored.
However, if fuel cell work in Britain lay largely dormant, Tom's counsel was still sought elsewhere and he was widely honoured. His 1973 Melchett Lecture to the Institute of Fuel 'Fuel cells and the Growing Energy Problem' (24) provided an opportunity to review the current state of development of fuel cells. By this time it was clear that the highest performance and lowest cost could be achieved with a potassium hydroxide electrolyte. If air was to be used as the oxidant then if an alkaline electrolyte was employed, CO2 had to be removed by scrubbing the air or extracted from the electrolyte. The Gemini space craft had used an acidic ion exchange membrane as the electrolyte and this type of electrolyte could be used without C 0 2 removal. Alternatively sulphuric acid could be used in a free electrolyte system, but it presents difficult corrosion problems and catalysis of the oxygen electrode requires the use of precious metals and performance is inferior to that obtainable with alkaline electrolytes. By that time it had been realized that because sulphuric acid is reduced it poisons the fuel electrode as temperatures approach 100 °C. In order to use hydrogen derived from natural gas it was necessary to operate at temperatures at least in the 120-150 °C range if not higher and this in turn lead to the use of phosphoric acid as the electrolyte as described above in spite of its higher resistivity and poorer electrode performance. At the time of writing the use of a phosphoric acid electrolyte with precious metal catalysts on active carbon supports in conjunction with a steam-hydrocarbon reformer has received the most effort and investment. However, the elegant simplicity of the Bacon cell has been lost.
In his Melchett lecture Bacon reviewed all the types of fuel cell then under development including the high temperature cells with zirconia and molten salt electrolytes. After pointing out that the aim of many fuel cell workers had been mobile rather than stationary applications and considering the direct methanol fuel cell, Tom wrote 'my own opinion, which will no doubt be fiercely challenged, is that fuel cells may be widely used for road vehicles, when we bring ourselves to regard hydrogen as an economically and socially acceptable fuel'. For this reason, right up to the time of his death, Tom took a great interest in all aspects and developments of hydrogen storage.
Despite Tom's faith in hydrogen as a fuel, he had an open mind on the subject and took a great interest in all fuel cell developments and was always ready to offer counsel and encouragement to those of us working on other systems and his advice was widely sought.
Bacon went out of his way to encourage those working on fuel cells and was a welcome and honoured guest whenever the subject was discussed. When he was awarded the Vittoria de Nora -Diamond Shamrock Medal and Prize by the Board of Directors of the Electrochemical Society his address on 23rd May 1978 (26) in Seattle, Washington provided him with an opportunity to describe with typical modesty the history of his researches. Also in this talk are a number of interesting sidelights on Tom's outlook. After describing how after his demonstration of the 6kW 40 cell unit, there was no interest from British industry, Tom remarked 'I fortunately have a small independent income and I was not forced to take another job; this has been of immense value to me throughout my life, as I have not been forced to do as I was told by others and I have been able to use my own judgement, which was of course based on my own practical experience. Later on in his talk under the heading 'Lessons to be learned', 'it is the easiest thing in the world for people with clear logical and brilliant minds, to shoot down any new device while still in its early stages' and later 'In my own opinion it is impossible for anyone to form a really clear and unbiased opinion on any new development unless they have some years of practical experience with it themselves, and this is clearly impossible with a committee system. Here perhaps is a dilemma!' Tom's reflective nature was shown frequently in his Vittoria de Nora-Diamond Shamrock Award Address. For example 'It has always seemed to me a strange fact that Michael Faraday, perhaps the greatest electrochemist of all time, discovered, in 1831, the principle of electromagnetic induction, and thus altered the whole course of the history of electrical generation, by diverting it from electrochemical to electromagnetic lines. How strange if, after all these years, the trend were to be reversed'.
Further examples of Bacon's philosophical reflections occur towards the end of the lecture when he advises young scientists and engineers to \ . . stick to one thing, and do not be diverted onto other interesting and perhaps exciting ideas, of which you have no practical experience; so often these turn out to be a waste of time and effort. And remember that, in any pioneering work, you will always be a lone individual fighting against the majority; but you will always have a few far sighted and faithful supporters'. To emphasize his belief in the importance of experiment Tom wrote T h e great Francis Bacon used to pour scorn on what he called the Greek method of thought; when the Greeks were faced with some serious problem, they used to assemble the most brilliant people with clear logical minds, and get them to argue it out by a process of clear logical thought. He considered that this may have held up the scientific revolution for 1500 or 2000 years. He was of course a great exponent of the method of experiment, which seems obvious to us now, though it was not obvious to most people then'. Tom Bacon continued to receive honours and recognition for the rest of his life. Even at 87, Tom Bacon was still active at meetings where fuel cells were discussed and in September 1991 received the first Grove Medal at the Second Grove Fuel Cell Symposium. This medal contained 5 Troy ounces of platinum, corresponding to the platinum content of 25kW of today's low temperature fuel cells. Another of Tom's characteristics was his methodical taking and keeping of records. All of Tom Bacon's papers have been given by his son, Edward, to the Archive Centre of Churchill College, Cambridge, where, when catalogued, they will be available for study by scholars.
Although known and recognized for his contribution to science and technology, Tom Bacon was also a profoundly religious person. In the end he was not perhaps a believer in the usual sense of the word, although he is thought to have read from the Bible every day of his life, but he was profoundly concerned with the spiritual nature of mankind. As the Reverend Roger Holloway said at Tom's funeral, quoting from Archbishop Michael Ramsay, T o follow a quest with integrity, to refuse to let it go, to cling against all odds to an imperative sense that it must be pursued with a reverence one cannot understand -is "faith" properly the name not for the goal but the quest itself?' A few weeks before he died Tom was asked by Liz Corcoran of Time and Life to contribute a paragraph on 'The meaning of life and why we are here' and it seems appropriate to end with his own words this memoir of a man who, while privileged by birth, gave so much to society.
I have obligations both as a scientist (seeking advances in the material world) and as a religious creature (seeking truth in the realm of the spirit). As a scientist, I believe that the introduction of electricity has been of immense benefit, lessening much of mankind's grinding toil, enabling people to enjoy more fruitful lives. My life as an engineer has been dominated by the search for a really efficient way of generating and storing electricity. Coupled with new trends in solar energy, these processes will ultimately eliminate the need for burning fossil fuels. One of my main purposes as a man of science is to accomplish this goal before the scourges of air pollution become manifest.
In terms of religion, it is man's duty to continue his quest for the truth, especially with regard to the afterlife. Different religions seem to offer different opinions on this difficult subject. Just as scientists, in pursuit of truth, have made spectacular breakthroughs, surely we should use our brains in the spiritual field as well, not remaining content to accept the dogma laid down by previous generations. When you get to my age, nearly 87, you begin to wonder: is the ultimate purpose of life on earth to evolve spirit out of matter? 
